Combining immunotherapeutic agents with different mechanisms of action may enhance efficacy. We describe the safety and efficacy of talimogene laherparepvec (T-VEC; an oncolytic virus) in combination with ipilimumab (a cytotoxic T-lymphocyte-associated antigen 4 checkpoint inhibitor) in patients with advanced melanoma.
We describe the safety and efficacy of talimogene laherparepvec (T-VEC; an oncolytic virus) in combination with ipilimumab (a cytotoxic T-lymphocyte-associated antigen 4 checkpoint inhibitor) in patients with advanced melanoma.
Methods
In this open-label, multicenter, phase Ib trial of T-VEC in combination with ipilimumab, T-VEC was administered intratumorally in week 1 (10 6 plaque-forming units/mL), then in week 4 and every 2 weeks thereafter (10 8 plaque-forming units/mL). Ipilimumab (3 mg/kg) was administered intravenously every 3 weeks for four infusions, beginning in week 6. The primary end point was incidence of dose-limiting toxicities. Secondary end points were objective response rate by immunerelated response criteria and safety.
INTRODUCTION
Tumor immunotherapy has become an established treatment of metastatic melanoma and is being increasingly applied to other cancer types. 1, 2 A hallmark of tumors likely to respond to immunotherapy is a lymphocyte-predominant tumor microenvironment. [3] [4] [5] To date, immunotherapy designed to promote lymphocyte accumulation within established tumors, activate lymphocyte function and cytotoxicity, and prevent T-cell suppression has shown the most promise. 6 This includes the T-cell checkpoint inhibitors cytotoxic T-lymphocyte antigen-4 (CTLA-4) 7-10 and programmed death receptor-1, 11 which help activate antitumor T cells that may have been inactivated or exhausted and may help recruit lymphocytes to the tumor microenvironment. 4 Ipilimumab, a CTLA-4 inhibitor, and antiprogrammed death receptor-1 antibodies nivolumab and pembrolizumab have demonstrated significant efficacy and tolerable toxicity in patients with unresectable and metastatic melanoma. [12] [13] [14] Ipilimumab in combination with nivolumab improved objective response rate (ORR) compared with ipilimumab monotherapy (57.6% for ipilimumab plus nivolumab, 43.7% for nivolumab alone, and 19.0% for ipilimumab alone). Progression-free survival (PFS) also improved with combination therapy (11.5 months for ipilimumab plus nivolumab, 6.9 months for nivolumab alone, and 2.9 months for ipilimumab alone). However, significantly more treatment-related grade 3 or 4 adverse events (AEs), including immune-related AEs, have been seen with ipilimumab plus nivolumab (55%) compared with monotherapy with ipilimumab (27%) or nivolumab (16%).
13
Talimogene laherparepvec is an oncolytic immunotherapy derived from herpes simplex virus 1 that was designed to replicate selectively in tumor cells, resulting in lytic cell death and release of tumor-derived antigens and granulocyte-macrophage colonystimulating factor (GM-CSF). GM-CSF can activate T cells, induce dendritic cell maturation, and potentiate a systemic, T-cell-mediated antitumor immune response. [15] [16] [17] [18] [19] [20] In clinical trials, subcutaneous GM-CSF plus ipilimumab versus ipilimumab alone yielded an overall survival (OS) benefit (17.5 v 12.7 months) but not a PFS benefit.
21
The efficacy and toxicity of talimogene laherparepvec in advanced melanoma was evaluated in a randomized phase III trial comparing intratumoral talimogene laherparepvec with subcutaneous GM-CSF. With talimogene laherparepvec, the primary end point of durable response rate (DRR; continuous response lasting $ 6 months) was significantly higher (16% v 2%; odds ratio, 8.9; P ,.001), ORR improved (26% v 6%), and OS improved numerically but not statistically by 4.4 months (hazard ratio, 0.79; 95% CI, 0.62 to 1.00; P = .051). 22 Tumor regression was seen in tumors both injected and not injected with talimogene laherparepvec. The incidence of grade 3/4 talimogene laherparepvec-related AEs was 11%.
The oncolytic properties of talimogene laherparepvec result in release of tumor-derived antigens, local production of GM-CSF, and cross-priming of CD8 + T-cell responses by dendritic cells.
15-20
Ipilimumab has shown activity in enhancing T-cell recruitment and preventing exhaustion of activated T cells. 4 Thus, we postulated that combining these two immunotherapies with different mechanisms of action could result in enhanced efficacy. We report the results of a phase Ib study (NCT01740297) to determine safety, tolerability, and efficacy of talimogene laherparepvec plus ipilimumab, as assessed by the incidence of dose-limiting toxicities (DLTs) in patients with advanced melanoma.
METHODS

Patients
Key inclusion criteria were age $ 18 years; diagnosis of histologically confirmed stage IIIB-IVM1c melanoma that was not suitable for surgical resection; injectable cutaneous, subcutaneous, or nodal lesion; no prior systemic therapy except prior adjuvant therapy $ 6 months from last therapy; Eastern Cooperative Oncology Group performance status 0 or 1; and adequate hematologic, hepatic, renal, and coagulation function.
Key exclusion criteria were primary uveal or mucosal melanoma; history or evidence of CNS metastases; symptomatic autoimmune disease; evidence of clinically significant immunosuppression; chronic use of immune-suppressing agents; active herpetic skin lesions; long-term use of systemic antiherpetic agents (eg, acyclovir); known HIV disease; or known acute or chronic hepatitis B or hepatitis C infection.
The study was conducted in accordance with the provisions of the Declaration of Helsinki and with Good Clinical Practice guidelines as defined by the International Conference on Harmonization. The study was approved by the institutional review board at each site, and all patients provided written informed consent.
Study Design
This was an open-label, phase Ib/II study of talimogene laherparepvec plus ipilimumab. A Dose-Level Review Team, consisting of $ 1 clinician, safety representative, and biostatistician from the sponsor study team and $ 1 investigator who recruited patients into the phase Ib part of the study, monitored and reviewed safety data to evaluate possible drug effects and DLTs.
The phase Ib portion is reported here and was conducted at five US sites. The study design and the dosing diagram are shown in Appendix Figure A1 , online only. Talimogene laherparepvec was initially administered as monotherapy. On day 1 of week 1, talimogene laherparepvec was administered by intralesional injection into injectable cutaneous, subcutaneous, and superficial lymph node tumors at a dose of 10 6 plaqueforming units (pfu)/mL. On day 1 of week 4 and every 2 weeks thereafter, talimogene laherparepvec was administered intratumorally at a dose of 10 8 pfu/mL. Ipilimumab administration began on day 1 of week 6 (ie, at the time of the third talimogene laherparepvec dose). Ipilimumab was administered intravenously at a dose of 3 mg/kg every 3 weeks for four infusions. When talimogene laherparepvec and ipilimumab were administered on the same day, talimogene laherparepvec was administered first.
Talimogene laherparepvec was continued until complete response (CR), all injectable tumors disappeared, progressive disease (PD) per immune-related response criteria (irRC), or drug intolerance. The safety follow-up visit occurred approximately 30 days after the last day of talimogene laherparepvec or 60 days after the last day of ipilimumab, whichever was later. Patients were followed for survival for approximately 24 months after the end of enrollment.
The primary end point was incidence of DLTs, defined as any treatment-related nonlaboratory grade $ 4 AE, grade $ 4 immunemediated dermatitis or endocrinopathy, and grade $ 3 immunemediated AE of any other type (eg, pneumonitis, pancreatitis, nephritis, uveitis, vasculitis, etc). Talimogene laherparepvec plus ipilimumab was deemed safe if the incidence of DLTs was , 33% during the DLT evaluation period (the 6 weeks after first administration of ipilimumab) in the first six to nine patients. Secondary end points were safety and ORR by irRC. Exploratory end points were time to response, duration of response, best overall response, DRR, disease control rate, PFS, OS, and T-cell subset characterization.
Assessments
All AEs were categorized on the basis of Common Terminology Criteria for Adverse Events (version 3). Tumors were assessed by the investigator at baseline, week 12, and every 12 weeks thereafter or as clinically indicated. Disease progression before response is often seen with ipilimumab 23 and talimogene laherparepvec. 22 To account for this, we used irRC, 23 which requires a subsequent tumor assessment at least 4 weeks later to confirm a response and allows for continued treatment, despite growth of existing lesions or appearance of new lesions until progression is confirmed.
Statistical Analysis
DLTs were evaluated among patients who had received $ 1 dose of talimogene laherparepvec and ipilimumab and had the opportunity to receive treatment $ 6 weeks from the initial ipilimumab dose. Safety was evaluated among all patients who received $ 1 dose of talimogene laherparepvec or ipilimumab. Efficacy end points were evaluated among all patients who received both talimogene laherparepvec and ipilimumab. Exact binomial two-sided 95% CIs are provided for ORR, and KaplanMeier estimates are provided for PFS and OS. Post hoc analyses were conducted to examine responses at any time in injected and uninjected lesions.
T-Cell Subset Characterization
T-cell subsets were characterized to determine whether treatment with talimogene laherparepvec increased the number of effector cells with an activated phenotype in peripheral blood. Blood was collected for T-cell characterization before treatment, at weeks 1, 4, 6, 9, and 15, and at the safety follow-up. Whole blood was analyzed by standard flow cytometry methods for T-cell subset counts (CD45, CD3, CD4, CD8, BD Trucount) and expression of HLA-DR and inducible T-cell costimulator (ICOS) on T-cell subsets (CD45, CD3, CD4; see Appendix Table A1 , online only, for flow panel design). P values evaluating differences in T-cell subsets between time points were calculated using a linear mixed-effects model of change from baseline in an immunophenotyping parameter, with baseline value included as a continuous factor. Results in fluorescence intensity or cells/mL units were log10 transformed before statistical analysis. The false discovery rate was controlled at 5% when generating hypotheses from the full set of T-cell subsets using the Benjamini-Hochberg method.
24 Associations with response were tested for baseline and change from baseline during treatment. Flow cytometry end points were modeled as continuous variables. Analysis of variance was used for best change in lesion size from baseline, and logistic models were used for objective responses (CR or partial response [PR]).
RESULTS
Patients
In the phase Ib portion, 21 patients were screened and 19 were enrolled across five US sites from February 2013 to July 2013. Reported analyses include data through May 22, 2015. All 19 patients were included in the safety analysis. One patient received only one dose of talimogene laherparepvec before withdrawing consent and enrolling in hospice care. Thus, the efficacy analysis included 18 patients who received both talimogene laherparepvec and ipilimumab. Median duration of treatment with talimogene laherparepvec was 13.3 weeks (range, 2.0 to 95.4 weeks). Median follow-up time for survival analysis was 20.0 months (1.0 to 25.4 months). Baseline patient demographics are listed in Table 1 . Median age was 61 (29 to 84) years; 42% of patients had stage IIIBIVM1a disease, and 58% had IVM1b/c disease; 74% of patients had an Eastern Cooperative Oncology Group performance status of 0; and 42% of patients had wild-type BRAF status.
Safety
Talimogene laherparepvec and ipilimumab were given in combination without any dose reductions from their full therapeutic doses (talimogene laherparepvec: 10 8 pfu/mL; ipilimumab: 3 mg/kg). No DLTs were reported during the initial DLT evaluation period (primary end point) or throughout the phase Ib study.
Five patients (26.3%) reported grade $ 3 treatment-related AEs, with three patients (15.8%) reporting grade $ 3 AEs attributable to talimogene laherparepvec and four patients (21.1%) reporting grade $ 3 AEs attributable to ipilimumab (Table 2) . Nausea was the only grade $ 3 treatment-related AE reported in more than one patient. The only grade 4 treatment-related AEs reported were increased lipase and increased amylase, both attributed to ipilimumab. There were no treatment-related grade 5 AEs.
All patients reported at least one AE (either related or unrelated to treatment), with grade $ 3 AEs reported in six patients (31.6%). No AEs led to discontinuation of talimogene laherparepvec or ipilimumab. One death occurred during the treatment period due to CNS metastasis. This death was not considered treatment related.
Efficacy
The best overall response at the patient level and lesion level is shown in Figure 1 . ORR using irRC was 50% (95% CI, 26.0 to 74.0). Four patients (22%) had a confirmed CR. All were still in CR 1 year later. Five (28%) had a confirmed PR, and four (22%) had stable disease (SD). Of all confirmed responders, only one did not have a response lasting $ 6 months; DRR was 44% (Fig 1A) . All eight patients with stage IIIB-IVM1a melanoma without visceral metastases were able to achieve a best overall response of SD or better (Fig 1A) .
Responses were seen in both injected (Fig 1B) and uninjected lesions (Fig 1C) . Among the 35 measurable lesions that were directly injected with talimogene laherparepvec, 26 (74%) regressed $ 50%, and 11 (31%) regressed completely. Among 23 uninjected measurable lesions, 12 (52%) regressed $ 50%, and nine (39%) regressed completely. Both visceral and uninjected nonvisceral lesions regressed: seven of 13 (54%) measurable nonvisceral lesions and five of 10 (50%) measurable visceral lesions regressed $ 50% ( Figs 1C; Appendix Fig A2) .
Confirmed responses were observed among patients with stage IIIB-IVM1a (six of eight), as well as stage IVM1b/c melanoma (three of 10; Fig 2) . Among nine confirmed responders, median time to response was 5.3 months (range, 2.6 to 8.1 months; Fig 3) .
Kaplan-Meier estimates of median PFS ( Fig 4A) and median OS ( Fig 4B) were not reached. Probabilities of PFS at 12 and 18 months were both 50%. Probability of survival was 72% at 12 months and 67% at 18 months.
T-Cell Subset Characterization
Total CD8 + T cells and activated CD8 + T cells (CD3 + , CD4 -, HLA-DR + ) [25] [26] [27] [28] in peripheral blood significantly increased from baseline by 1.15-fold and 1.51-fold, respectively (Appendix Fig  A3A) . Changes in activated CD8 + T cells were significant beginning at the first available postbaseline sampling time point (4 weeks), and higher levels of total and activated CD8 + T cells were observed at week 6 just before the start of ipilimumab in combination with continued talimogene laherparepvec treatments (increases of 1.28-fold and 1.65-fold, respectively). See Appendix Table A2 for other flow parameters with significant changes.
Increases in activated CD8 + T cells seemed to correspond with patient response. At week 6, after receiving two doses of talimogene laherparepvec, four of five patients with the smallest increases in activated CD8 + T cells had PD (Appendix Fig A4A) . After ipilimumab was given, there seemed to be less differentiation by increase in activated CD8 + T-cell count between patients with disease control versus PD. CD4 + T cells expressing ICOS, an activation marker upregulated by CTLA-4 blockade, significantly increased from baseline at weeks 9 and 15 after ipilimumab was given, consistent with previous reports. 29 In contrast to activated CD8 + T cells, no increase in CD4 + T cells expressing ICOS was seen during the talimogene laherparepvec monotherapy period (Appendix Figs A3B and A4B).
DISCUSSION
In this phase Ib open-label study of talimogene laherparepvec plus ipilimumab, no DLTs were observed, and both drugs could be safely combined at their respective monotherapy doses for melanoma treatment. No new emerging toxicities were observed, and the incidence of grade 3/4 AEs (26.3%) was similar to single-agent ipilimumab. Durable CRs were observed in four of 18 patients (22%). Of four patients with confirmed CRs, all were still in CR beyond 1 year. ORR by irRC was 50%, and 44% of patients had a response lasting $ 6 months. Historically, initial responses with ipilimumab and other checkpoint inhibitors have correlated with improved survival. 12,13 Although preliminary, PFS and OS data for talimogene laherparepvec in combination with ipilimumab to date are encouraging.
ORR and DRR results seen with talimogene laherparepvec plus ipilimumab are also encouraging; however, caution should be used when comparing these results with historical data. In the phase III pivotal trial evaluating ipilimumab versus glycoprotein 100 in previously treated patients with metastatic melanoma, ORR for ipilimumab alone was 10.9%; the incidence of ipilimumabrelated grade 3/4 AEs was 22.9%; 71.4% had stage IVM1c disease; and 37.6% had elevated lactate dehydrogenase (LDH). 12 In the phase III trial of ipilimumab plus dacarbazine versus dacarbazine in previously untreated patients, ORR for ipilimumab plus dacarbazine was 15.2%; 56.0% of patients had stage IVM1c disease, and 40.3% had elevated LDH.
14 In the phase III pivotal trial evaluating talimogene laherparepvec versus subcutaneous GM-CSF in first-line advanced melanoma, ORR for talimogene laherparepvec was 26.4%; the incidence of talimogene laherparepvecrelated grade 3/4 AEs was 11%; 22.0% had stage IVM1c disease, and 4.4% had elevated LDH. 22 Although the clinical activity observed for talimogene laherparepvec plus ipilimumab in our phase Ib study was nominally higher than these historical data, our study only included 19 patients whose characteristics may not be directly comparable with those included in the larger monotherapy trials. Thus, although promising, results must be further confirmed in the ongoing randomized phase II trial (NCT01740297).
If talimogene laherparepvec contributes to a systemic antitumor immune response, expansion of activated effector cells may correlate with patient response. Patients experiencing disease control (confirmed CR, PR, or SD) seemed to have greater increases in activated CD8 + T cells in response to talimogene laherparepvec monotherapy than did patients with PD. This differentiation was no longer apparent after ipilimumab administration. Although this correlation will need to be validated, it suggests that activated CD8 + T cells stimulated by talimogene laherparepvec may be more specific for mediating an antitumor response than those stimulated by ipilimumab, which may activate additional nontumor-specific CD8 + T cells that do not contribute to response. In agreement with previous ipilimumab studies, we observed increases in CD4 + , ICOS + T cells, which has been associated with therapeutic response in monotherapy trials. 26 Further research is ongoing to determine antigen specificity of T-cell responses after talimogene laherparepvec administration and whether treatment expands emergence of a neoantigenspecific T-cell repertoire, as has been previously reported for ipilimumab and was associated with improved clinical outcomes.
30,31
An ongoing, randomized phase II trial on the basis of this study comparing talimogene laherparepvec plus ipilimumab with ipilimumab alone in patients with advanced melanoma is under way (NCT01740297). A phase Ib/III trial of talimogene laherparepvec plus pembrolizumab in melanoma (NCT02263508) is in progress; in an early efficacy analysis, the combination appeared tolerable, and 56% of 16 evaluable patients had at least an unconfirmed response.
32 Thus, the combination of talimogene laherparepvec with immune checkpoint inhibitors may represent potential new treatment options for patients with regionally or distantly metastatic melanoma with or without visceral disease that is injectable and cannot be adequately addressed by surgery.
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Fig A3. Changes in subsets of T cells after treatment. Samples were collected at baseline (week 1), after talimogene laherparepvec was given as monotherapy (weeks 4 and 6), and after talimogene laherparepvec was given in combination with ipilimumab (weeks 9 and 15). Data points are overlaid on the box plots. Each box plot shows the range between 25th percentile (q1) and 75th percentile (q3) as a gray box, with a yellow line showing the 50th percentile. The whiskers on each box are q3 6 1.5 3 (q3 2 q1 Abbreviations: Abs, absolute; HLA, human leukocyte antigen; ICOS, inducible T-cell costimulator; MESF, molecules of equivalent soluble fluorochrome. *Week 4 and week 6 data points were acquired during monotherapy with talimogene laherparepvec. †Week 9 data points were acquired after the first dose of ipilimumab.
